Fe(III)-reducing bacteria play an important role in organic matter mineralization (Lovley et al., 1997; Lovley & Phillips, 1988; Lovley, 2006; Luu & Ramsay, 2003; Weber et al., 2006) and Geobacter species have often been detected as the predominant Fe(III)-reducing bacteria found in most environments (Anderson et al., 1998; Coates et al., 1996) . Ever since the establishment of the genus Geobacter, species belonging to this genus have been found to be a very metabolically versatile group of micro-organisms that are capable of not only Fe(III) reduction but also degradation of aromatic contaminants (Prakash et al., 2010; Kunapuli et al., 2010; Mahadevan et al., 2011; Yun et al., 2011) . Potential applications for bioremediation in uraniumcontaminated aquifers (Anderson et al., 2003; Akob et al., 2008; Shelobolina et al., 2008) as well as electrogenic activity in microbial fuel cells (Lovley, 2006) have also been reported for the genus Geobacter. With their versatility, Geobacter species play an important role in the protection of groundwater resources as well as oxidation of organic matter in anoxic freshwater environments with Fe(III) as the sole electron acceptor (Lovley, 2006) .
Although this group appears to be versatile, among the 17 species of the genus Geobacter published to date, only four species were reported to be capable of utilizing nitrate as an electron acceptor, namely Geobacter argillaceus (Shelobolina et al., 2007) , Geobacter lovleyi (Sung et al., 2006) , Geobacter metallireducens (Lovley et al., 1993) and Geobacter thiogenes (De Wever et al., 2000; Nevin et al., 2007) .
We have isolated an Fe(III)-reducing bacterium, designated strain OSK6 T , which is capable of growth by nitrate respiration. Strain OSK6
T is phylogenetically related to Geobacter daltonii T and Geobacter toluenoxydans TMJ1
T with 95.6 % similarities based on the 16S rRNA gene sequence, but the phenotypic characteristics such as substrate utilizations were found to be significantly different from those of closely related species. Here, we report the taxonomic characterization of strain OSK6 T , which is considered to be a novel species belonging to the genus Geobacter.
Mud samples for enrichment and isolation were collected from a lotus field in Aichi prefecture, Japan, and inoculated into an anaerobic enrichment reactor containing 700 ml basal medium, which was degassed with N 2 /CO 2 (80 : 20, v/v) prior to inoculation. The bicarbonate-buffered basal medium for enrichment contained the following (in g l ). The medium was degassed with deoxygenated N 2 /CO 2 gas as described previously (Nakamura et al., 2011) , autoclaved, stored in a glass medium bin and continuously purged with filtered N 2 /CO 2 gas. The culture in the anaerobic reactor was periodically replaced by the above degassed medium and continuously supplied with a gas mixture of CH 4 /CO 2 (95 : 5, v/v). The anaerobic enrichment reactor was also amended with approximately 100 mM poorly crystalline ferric oxide, hereafter referred to as amorphous iron (III) hydroxide, as the terminal electron acceptor, prepared according to Schwertmann & Cornell (2000) . The anaerobic enrichment reactor was inoculated with 10 % (w/v) mud and incubated in the dark at 30 u C. The enrichment culture was serially diluted and the dilutions were inoculated into deep gellan gum tubes with the basal medium containing acetate (10 mM), Fe(III)-nitrilotriacetate (NTA) (10 mM) and gellan gum (0.1 %, w/v). Single colonies that formed on the deep gellan gum tube after 2 months of incubation at 30 u C were picked up and purified with the same medium using the six-well plate method as previously described (Nakamura et al., 2011) . Purity was checked by microscopic uniformity of liquid culture of the isolate, as well as observation that no growth occurred when the liquid culture was inoculated into an anaerobic heterotrophic medium (NIH thioglycolate broth; Difco) amended with pyruvate (20 mM).
Morphological features were determined by scanning electron microscopy (SEM) and phase-contrast microscopy. The culture for SEM was grown at the stationary phase in the basal medium with acetate (10 mM), amorphous iron (III) hydroxide (approx. 100 mM), and pieces of a glass plate (about 565 mm 2 ). The glass plates were removed from the culture after 14 days of incubation, and immersed in PBS containing 2 % glutaraldehyde for 2 h at room temperature, followed by dehydration through a stepwise increase in the concentration of ethanol (50, 60, 70, 80, 90, 95 and 99 .5 %, 30 min at each concentration followed by 100 % overnight at 4 u C). The plates were placed on a paper filter at room temperature to remove ethanol completely, and immediately coated with OsO 4 in an osmium coater (Neoc-ST; MEIWAFORSIS). The OsO 4 -coated plates were observed by SEM at 5 kV (S-4800; Hitachi). The motility of strain OSK6
T was observed using culture grown on acetate (10 mM) and amorphous iron (III) hydroxide (approx. 100 mM) and examined using a phase-contrast microscope.
The growth of strain OSK6 T with acetate as an electron donor and Fe(III)-NTA as an electron acceptor was observed by direct cell counting with SYBR Gold fluorescent dye and measuring the protein concentration. Cells were harvested from 1 ml culture by centrifugation, and then suspended in 100 ml ultrapure water. Crude protein was extracted from the cell suspension by the freezing-and-thawing method. Protein concentration of the extract was determined with a Bicinchoninic Acid (BCA) Protein Assay kit (Pierce Biotechnology) according to the manufacturer's instructions.
Unless otherwise stated, the same composition of bicarbonate-buffered basal medium used for the anaerobic enrichment was used for all phenotypic characterizations and performed according to previously described methods (Prakash et al., 2010) with slightly modified culture conditions in which fumarate was replaced by nitrate. Studies on growth ranges and optima for temperature, pH and NaCl concentration were performed with the basal medium containing acetate (10 mM) and nitrate (10 mM) since strain OSK6
T does not grow on fumarate, and with Fe(III) giving a strong background turbidity due to its dark colour, making it difficult to distinguish cell growth from the background turbidity by OD 560 measurements. Optimum temperatures for growth were tested at 4, 10, 20, 25, 30, 37, 40, 45 and 50 u C, while growth with NaCl was tested at 0, 0.1, 0.5, 1.0, 1.5, 2.0 and 2.5 % at near neutral pH with 10 mM acetate and 20 mM nitrate as electron donor and acceptor, respectively. Likewise, optimal pH growth tests were carried out in vials containing basal medium with acetate and nitrate, but without sodium bicarbonate. The non-bicarbonate basal medium was prepared in the same way as that of all other phenotypic characterizations described above, but with N 2 /CO 2 gas replaced by N 2 gas, and supplemented with buffers (MES-NaOH, 5.0-6.0; PIPES-NaOH, 6.0-7.0; HEPES-NaOH, 7.0-7.5; Tris/HCl, 8.0-11.0) at a final concentration of 10 mM to give the desired pH values. Growth tests at different pH values and NaCl concentrations were examined at 30 u C. Studies on all growth ranges and optima for strain OSK6
T were performed in duplicate with growth monitored at OD 560 . Utilization of electron donors was examined at 30 u C in the presence of 10 mM Fe(III)-NTA with the following substrates (concentration in mM, unless otherwise stated): formate (10), propionate (10), butyrate (10), pyruvate (10), lactate (10), fumarate (10), succinate (10), ethanol (10), butanol (10), glucose (10), phenol (1), benzoate (1), toluene (1), methanol (5) NO 3 (20 mM) using a GC-MS (GCMS-QP2010; Shimadzu) equipped with a GS-GASPRO column (ID 0.32 mm660 m, Agilent) according to a previously described method (Finkmann et al., 2000) . G. metallireducens GS-15 T , which reduces nitrate by ammonification, was purchased from DSMZ and used as a reference strain.
Analyses of respiratory quinones and fatty acids were carried out by the Identification Service and Dr Brian Tindall, DSMZ, Braunschweig, Germany. G. daltonii FRC-32 T and G. toluenoxydans TMJ1 T were used as references for fatty acid analysis. Cells of strain OSK6
T as well as reference strains were cultured on acetate (30 mM) and ferric citrate (50 mM) until early stationary phases for chemotaxonomic analyses.
Cells were disrupted by bead beating to extract genomic DNA. The G+C content of the genomic DNA was determined by HPLC according to previously described procedures (Tamaoka & Komagata, 1984) . The 16S rRNA gene of strain OSK6
T was amplified with EU10F and 1492R primer pairs and sequenced according to previously described procedures (Nakamura et al., 2011) . The 16S rRNA gene sequence was aligned with reference sequences using the online alignment tool SINA (Pruesse et al., 2007) . The aligned sequence was imported into the ARB-Silva reference database (Silva106), and the alignment was manually edited using tools in ARB (Ludwig et al., 2004) . Similarities of 16S rRNA gene sequences between the strain OSK6 T and its closely related species were calculated by ARB. A phylogenetic tree was then constructed using the neighbour-joining method (Saitou & Nei, 1987) with Jukes and Cantor correction implemented in ARB (Jukes & Cantor, 1969) . Bootstrap resampling analyses were performed with the neighbour-joining and maximum-likelihood methods to evaluate the reliabilities of tree topologies using MEGA 5.0 and PHYML 3.0.1 (Tamura et al., 2011; Guindon & Gascuel, 2003) , respectively, in accordance with Hall (2008) .
Strain OSK6 T was isolated from an anaerobic enrichment culture inoculated with mud sediment from a lotus field, and continuously supplied with methane as an electron donor and amorphous iron (III) hydroxide as an electron acceptor. Colonies of strain OSK6
T were red, spherical in shape and 1 mm diameter after 2 weeks of incubation in solid medium. Cultures of strain OSK6
T after repetitive isolations of colonies exhibited no growth in the medium for heterotrophic anaerobes and uniformity in cell morphology under microscopic observation, showing that strain OSK6
T was eventually purified. The isolate was a strictly anaerobic, Gram-negative, and straight rod-shaped bacterium, 0.6-1.9 mm long and 0.2-0.4 mm wide (Fig. 1 ). Motility and a flagellum were found when strain OSK6 T grew on acetate and amorphous iron (III) hydroxide. As reported in G. metallireducens GS-15 T (Childers et al., 2002) , strain OSK6
T was immotile when grown with soluble Fe(III) as electron acceptor. As is commonly reported for all species belonging to the genus Geobacter, strain OSK6 T conserved energy for growth by coupling the reduction of ferric oxides [Fe(III)-NTA, ferric citrate and amorphous iron (III) hydroxide] to the oxidation of acetate, as shown by the production of ferrous iron accompanied by increases in cell number and protein concentration (Fig. 2) . Optimal temperature for growth of strain OSK6
T was observed at 30-37 u C with no growth below 20 u C or above 40 u C. Strain OSK6 T grew best in the absence of NaCl but could tolerate the presence of 0.5 % NaCl. The pH range for growth was observed as 6.5-7.5. (Balderston et al., 1976; Finkmann et al., 2000) instead of ammonification as observed in the nitrate respiration by G. metallireducens GS-15 T (Lovley et al., 1993) . In contrast to G. metallireducens GS-15 T (Senko & Stolz, 2001 ), strain OSK6
T was able to grow on the medium containing acetate and nitrate without Fe amendment even after several passage cultures, indicating that growth of strain OSK6 T by nitrate respiration is Fe-independent. Phenotypic characteristics of strain OSK6
T showed that it has a very limited range of electron donor and electron acceptor utilizations and differs from its phylogenetically closest relatives (G. daltonii FRC-32 T and G. toluenoxydans TMJ1 T ). It utilized nitrate as an electron acceptor whereas G. daltonii FRC-32 T and G. toluenoxydans TMJ1 T do not. On the other hand, they utilize fumarate and malate as electron acceptors as previously described (Prakash et al., 2010; Kunapuli et al., 2010) , which are not utilized by strain OSK6
T . In addition, strain OSK6 T does not utilize toluene, benzoate, butyrate and formate as electron donors, whereas both these other species do. However, strain OSK6
T is capable of oxidizing lactate and succinate instead, whereas G. daltonii FRC-32 T and G. toluenoxydans TMJ1 T are not, which is in agreement with previous reports (Prakash et al., 2010; Kunapuli et al., 2010) . Our findings in terms of substrate utilizations are similar to those of Geobacter pickeringii G13 T and G. argillaceus G12 T , isolated from a long-term enrichment culture of kaolin clays (Shelobolina et al., 2007) . Further comparison of phenotypic characteristics between strain OSK6
T and most closely affiliated Geobacter species is shown in Table 1 .
Strain OSK6
T contained MK-8, which is a typical respiratory quinone of the genus Geobacter (Hedrick et al., 2009; Kunapuli et al., 2010) . Strain OSK6
T has similar fatty acid composition with the two reference strains, such as 16 : 1v7c and 16 : 0 fatty acids as major constituents (more than 30 %); however, 16 : 1v5c and 18 : 1v7c fatty acids were only found in strain OSK6
T as substantial components (¢1 %) (Table S1 ). In contrast, G. daltonii FRC-32 T and G. toluenoxydans TMJ1
T have 16 : 0 3-OH, but strain OSK6 T does not. Thus, fatty acid analyses clearly discriminates strain OSK6
T from the closely related species. The G+C content of genomic DNA from strain OSK6 T was determined by HPLC and yielded 59.7 mol%, which is slightly higher than those of the two closely related species of the genus Geobacter, namely, G. daltonii FRC-32 T and G. toluenoxydans TMJ1 T , as determined by genome sequence and HPLC, respectively (Table 1) .
Analysis of the near full-length 16S rRNA gene sequence (1425 bp) as described above revealed that strain OSK6 T belongs to the genus Geobacter and is closely related to G. daltonii FRC-32 T and G. toluenoxydans TMJ1 T with 95.6 % similarity. A phylogenetic tree of strain OSK6
T and related strains showed that the isolate is positioned as a member of the genus Geobacter (Fig. 3) . Similarities among strain OSK6
T and type strains of species belonging to the genus Geobacter ranged from 92.9 to 95.6 %.
Comparative analysis of the phenotypic characteristics of strain OSK6
T and related taxa showed that the novel strain differs from G. daltonii FRC-32 T and G. toluenoxydans TMJ1 T in the abilities to utilize lactate and succinate as electron donors and nitrate as an electron acceptor, all of which are not utilized by the two closely related strains (Table 1) . Total lipid fatty acid analyses further showed that strain OSK6
T has distinguishable fatty acids (16 : 1v5c and 18 : 1v7c) from the two relative strains (Table S1 ). In addition, the G+C content of genomic DNA also showed a value of 59.7 mol%, slightly higher than those of closely related members of the genus Geobacter. Moreover, phylogenetic analyses based on the 16S rRNA gene sequence showed that strain OSK6 T belongs to the genus Geobacter with a similarity of 95.6 % to G. daltonii FRC-32 T and G. toluenoxydans TMJ1 T , suggesting that strain OSK6
T represents a novel species of the genus Geobacter. On the basis of all the phenotypic, chemotaxonomic and phylogenetic traits determined in this study, strain OSK6 T shares some common features but also differs from the most closely related Geobacter species, namely, G. daltonii FRC-32 T and G. toluenoxydans TMJ1 T ; hence, a novel species belonging to the genus Geobacter is proposed with the name Geobacter luticola sp. nov. Description of Geobacter luticola sp. nov.
Geobacter luticola [lu.ti9co.la. L. n. lutum mud; L. suff. -cola (from L. n. incola) inhabitant, dweller; N. L. n. luticola the mud dweller, the type strain of this species was isolated from mud of lotus field].
Gram-negative, straight singular rods, 0.6-1.9 mm long and 0.2-0.4 mm wide, and motile with a flagellum. With Fe(III)-NTA as electron acceptor, acetate, lactate, pyruvate and succinate are utilized as electron donors; H 2 , formate, fumarate, propionate, benzoate, butyrate, butanol, methanol, ethanol, glucose, phenol, benzoate, toluene and methane are not utilized as electron donors. With acetate as an electron donor, amorphous iron (III) hydroxide, ferric citrate and nitrate are reduced as electron acceptors, but not sulfate, fumarate or malate. Growth occurs at 20-40 u C with optimal temperature of 30-37 u C. Grows at pH 6.5-7.5. Grows best in the absence of NaCl, but can tolerate up to 0.5 % NaCl. Major respiratory quinone is 16 : 0, 15 : 0 iso, 14 : 0, 18 : 1v7c, 16 : 1v5c and 13 : 1 AT 12-13 fatty acids.
The type strain, OSK6
T (5DSM 24905 T 5JCM 17780 T ), was isolated from a lotus field in Aichi prefecture, Japan. The G+C content of genomic DNA of the type strain is 59.7 mol% as determined by HPLC.
